To investigate the clinical usefulness of the latency of the pupil light reflex by optimizing its measurement, characterizing its variability, and determining the sensitivity of pupil latency as a function of stimulus input in normal subjects. METHODS. Computerized binocular infrared pupillography was performed in 14 eyes of seven healthy subjects. Pupils were recorded simultaneously at 60 and 1000 Hz. Each eye was alternatively stimulated eight times for 50 ms every 2.5 seconds, increasing by 0.5 log units over a 2.0-log-unit range. To determine intersubject and intereye variability, 98 eyes of 49 healthy subjects were recorded at 60 Hz over a 3.0-log-unit range (15°radius stimulation, four repetitions at each intensity). RESULTS. Accuracy and resolution of latency were limited by the number of light reflexes used to estimate the average latency and were significantly affected by sampling rate when the number of reflexes recorded was fewer than four. Binocular recording and interpolation of the 60-Hz recording to 300 Hz added resolution to the latency. Biological variability contributed more to interindividual variability than did measurement variability. The range of intereye afferent asymmetry of latency in normal subjects was only between 8.3 and 35 ms-less with brighter stimulus intensity.
T he pupil latency-the precise definition of the onset of pupil movement in reaction to the onset of a stimulation by light-can objectively reveal delays in visual processing proportional to the amount of afferent damage, 1 similar to the visual evoked potential (VEP) [2] [3] [4] [5] and the Pulfrich phenomenon. 6 -9 In addition, latency, compared with amplitude measurements, may be less affected by mechanical properties of the iris that are known to constrain the movement of the pupil that occurs after the onset of contraction. 10 Loewenfeld has provided evidence that pupil latency may be less variable than amplitude measurements for assessing afferent input to the eye and thoroughly reviewed the literature on this topic up until 1990. 11 Previous studies have shown that pupil latency and cycling time can be delayed in patients with afferent diseases, such as demyelinating disease, [12] [13] [14] Leber hereditary optic neuropathy, 15 amblyopia, 16, 17 and optic atrophy, 18 and also in efferent pupil disorders that affect the autonomic nerves to the iris, such as diabetes. 19, 20 Compared with the VEP, in which a clear trough can be identified as the end point of the latency period, the onset of contraction of the pupil in response to light (pupil light reflex) is not as simple to determine. The action of the smooth pupil sphincter muscle does not cause an abrupt change in the pupil tracing. Despite previous studies of pupil latency, [21] [22] [23] [24] [25] [26] [27] there is still no agreement on the optimal method for its measurement, 24,28 -34 and there is a paucity of information on the variability of latency between eyes and among normal subjects. In a previous study, 33 we have defined the onset of the pupil light reflex as the time at which the absolute acceleration is greatest (second derivative), but this method has not been investigated in detail.
The purpose of this study was to define the onset of the pupil light reflex more precisely, to determine an optimal method for measurement of pupil latency, to determine whether sampling the pupil at higher rates would improve latency accuracy and resolution, and to further understand the biological and measurement variability of pupil latency in normal eyes. This study was intended to provide a basis for the measurement of the latency of the pupil light reflex in healthy eyes that can be used in future studies to evaluate diseased eyes.
METHODS
The study was conducted according to the tenets of the Declaration of Helsinki. Seven normal volunteers, two men and five women (mean age: 34 years; range: 26 -45), were included. The second set of 49 normal subjects, 23 men, 26 women (mean age, 32 Ϯ 10 years; range, 22-47), were used to apply the optimal method of measurement of latency to characterize the intereye and intersubject variability. Normal subjects tested by pupillography were not receiving any medications known to influence the pupil light reflex. All the normal subjects had visual acuity of at least 20/20 in each eye, normal stereovision, normal findings in slit lamp and fundus examinations, and normal standard threshold perimetry (program 24-2; Zeiss Humphrey Systems, Dublin, CA).
Pupillometer
A computerized binocular infrared video pupillometer (developed by Tom Cornsweet; Visual Pathways, Inc., Prescott, AZ) was used to record pupil responses in the seven subjects over a range of stimulus light intensities. The infrared pupillometer consists of a monochrome video graphics array (VGA) monitor with non-Maxwellian viewing optics used to present light stimuli to the subject, two identical systems for pupil tracking (one for each eye), and two charge-coupled device (CCD) cameras for recording the pupil response of each eye simultaneously. 35 The internal viewing monitor is driven in the z-axis toward or away from the patient by a stepper motor to change its optical distance from the eyes over a range of Ϯ7.00 D of refractive error, so that the plane of the stimulus was at optical infinity for the subjects. The VGA monitor was synchronized at 60 Hz with the two video cameras (type VC62505T; Visual Pathways) used to record the right and left pupils with 0.025-mm resolution of pupil diameter. Stimuli presented by the VGA monitor were initiated at the beginning of the video half-frame synchronized with the two video cameras. The video output of each camera was processed in a circuit board that measured the horizontal diameter of the pupil. In addition, two infrared photodiode quadrant sensors placed in the optical pathway measured the total amount of reflected infrared light from the bright image of each pupil at a rate of 1000 Hz. The bright pupil image is a result of infrared light reflected back from the fundus and therefore is not influenced by iris color. The sum of the four quadrants' output for each pupil was sampled at 1000 Hz to estimate pupil size at a high rate, in addition to a simultaneous video recording of each pupil at 60 Hz.
The 49 normal subjects that participated for assessing the variability of pupil latency were measured with an earlier prototype binocular infrared pupillometer described previously with only the 60-Hz recording. 36 -38 This pupillometer used Maxwellian view optics, recorded at 60 Hz only, and converged a bank of four green LED light sources imaged by Fresnel lenses as four squares of light subtending 30°d iameter of visual field with a small red fixation point in the center of the four squares. In this instrument, the 30°square light stimulus was converged to a diameter of 1.5 mm in the plane of the pupil and kept centered in the pupil space by the use of tracking motors. There was no background light between stimuli.
Stimulus Paradigms
Full-field stimuli were alternatively presented to the right and left eyes for every condition with the newer prototype machine. In the first phase of the study, seven normal subjects were tested with each eye stimulated for eight cycles (50-ms stimulus every 2.5 seconds) at five stimulus intensities, separated by 0.5 log units over a 2.0-log-unit range (from 10-dB attenuation [100 asb, 31.9 cd/m 2 ] to 30-dB attenuation [1 asb, 0.319 cd/m 2] ; stimulus radius, 23°). A septum divided the VGA monitor into right and left halves to stimulate the right and left eyes independently. The VGA monitor had a dark luminance of 0.1 cd/m 2 , which is negligible. A fixation cross present in the VGA-generated image was always in the center of the visual field of the eye that was receiving the stimulus and was kept at a luminance that was easily seen during the stimulation and during the periods between stimuli. For every stimulus, the responses of the right and left pupils were recorded at both 60 and 1000 Hz simultaneously and analyzed off-line.
In the second phase of the study, the 49 normal subjects were measured with the older prototype machine (60-Hz collection only), at seven different intensities with four repetitions used in each cycle over a 3.0-log-unit range (from 0 dB attenuation [37, 
Pupil Analysis
To achieve pupil diameter measured in millimeters, the raw bit data of the 60-Hz recording was divided by 78. The 1000-Hz measurement was calibrated by correlating the 1000-Hz raw data with the 60-Hz data. For each subject, the specific slope served as the multiplier to turn the 1000-Hz data into data expressed as pupil diameter. The beginning of the pupil light reflex was defined as the time at which the greatest absolute acceleration in the tracing occurred. To achieve this goal, the signal-to-noise ratio was increased by minimizing the amplifier noise from the photodiode sensor that occurred in the 1000-Hz raw data (Fig. 1A, top trace) . Time points were omitted if the change in pupil size exceeded 0.1 mm/ms, on the assumption that the human pupil could not move faster. The high-frequency component was nonbiological and was caused by the noise emitted by the hardware and was present in recordings made from pharmacologically dilated and fixed pupils. The gaps from the eliminated time points were then linearly interpolated. The bottom trace in Figure 1A shows the result with the highest peaks removed and interpolated (subject FC). Eyelid blinks were then removed from the traces of both the 60-and 1000-Hz data sets separately, and time points were linearly interpolated.
Next, the 1000-and 60-Hz recordings each underwent a separate filtering procedure (Figs. 1B, 1C ). For the 1000-Hz recording, a moving Gaussian filter with a 9-number base (4-ms width on each side of the center-weighted time point) was applied once, resulting in a minimal smoothing of the tracing, as shown in Figure 1B . The frequency response curve of the 9-point Gaussian filter showed that this filter FIGURE 1. Reduction of measurement noise by removal of high-frequency spikes from the 1000-Hz right pupil trace (A). The portion of the 1000-Hz trace outlined by the box in (A) is shown in more detail in (B) and was next filtered with a Gaussian filter. The exact same portion of the right pupil light reflex shown in (A) and (B) that was recorded at 1000 Hz using a photodiode was also recorded simultaneously at 60 Hz, using a video signal, and is shown in (C). The 60-Hz recording was filtered with a Savitzky-Golay filter. 39 
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allowed 90% of a 50-Hz signal, 60% of a 107-Hz signal, and 30% of a 165-Hz signal to pass at the 1000-Hz sampling rate. For the 60-Hz video recording, a 5-point second-order polynomial moving Savitzky-Golay filter 39 was used (Matlab, ver. 5.3, function SAVGOL3.m, ver. 2.3, programmed by Thomas Haslwanter, Zurich, Switzerland; the MathWorks, Inc., Natick, MA), as shown in Figure 1C . The Savitzky-Golay filter allowed 90% of a 10.5-Hz signal, 60% of a 15.8-Hz signal, and 30% of a 19.2-Hz signal to pass in the 60-Hz sampling rate. Therefore, both filters are more effective in gradually reducing higher-frequency components. A digital filter with a sharp cutoff that provides an accurate measure of frequency bandwidth was not used, because such an arbitrary determination would have needed further justification. A 4-point 60-to 300-Hz interpolation was also applied to the 60-Hz data, by applying a cubic spline function to the 60-Hz position and velocity tracings. The resultant 300-Hz data served as an additional sampling rate to be analyzed. We also reduced the 1000-Hz data as close as possible to the 60-Hz data for direct comparison. Every 17th time point was preserved from the smoothed and filtered 1000-Hz position data, resulting in a measurement frequency of 58.8 Hz. To deduce the onset of the pupil contraction, the second derivative (acceleration) of the position tracing was calculated by taking the derivative of the velocity tracing after the tracing was filtered (described later). Figure 2 shows the contraction portion of a pupil light reflex including the position, velocity, and acceleration of the right pupil from a single subject (SA), before and after filtering the velocity data only. The characteristic of the Gaussian filter that was applied (function filtfilt.m; Matlab, ver. 5.3; The MathWorks, Inc.) varied, depending on the data sampling. Details of the exact filtering procedure used will be presented in the Results section. The time of onset of pupil contraction is shown and corresponded to when the pupil acceleration was maximally negative. The time segment when the maximum change or slope in velocity occurred (greatest absolute acceleration) was quite symmetric (almost linear), allowing this time point to be resistant to distortion and shifting by Gaussian filtering. Note that the trough in the acceleration tracing could be correctly identified only after filtering of the velocity tracing. Figure 3 shows a variety of tracings recorded in the right pupil of a single subject (RK) at different stimulus intensities. A relatively longer latency (dashed arrow) was associated with relatively lower contraction amplitude (dashed double-headed arrow). In the series of increasing contraction amplitudes (see tracings between the dashed and thick solid traces), pupil light reflexes with shorter latencies (solid arrow) were mostly associated with pupil movements of greater amplitude up to the point at which the latency reached a minimum (see vertically oriented dots on traces). The inverse relationship between latency and pupil contraction was nonlinear in the brightest range of stimulus intensity, at which the contraction amplitude continued to increase, but the latency did not shorten further. Resolving slight changes in latency was more difficult with 60-Hz sampling, because the shortest time interval possible between measurement points was only 16.7 ms (relatively large time grid).
RESULTS
Considering the time resolution constraints of the 60-Hz sampling, we set out to determine whether a higher sampling rate (denser time grid) would improve the accuracy for measuring latency. Each panel in Figure 4 denotes the right pupil versus the left pupil contraction latency recorded simultaneously from approximately 80 light stimuli at different sampling rates (Fig. 4 , open circles) that may superimpose in a single subject (LB). The filled circles represent the mean of the eight pupil light reflexes recorded from each light intensity. A regression-fitting line is added to each scatterplot to show how each sampling density grid influenced the accuracy of the relationship between right and left pupil latencies. A correlation coefficient (R 2 ) of 1 would mean a perfect symmetry between all the right and left pupil latencies measured. When we compared the mean of the eight pupil light reflexes derived from each intensity, the data points (Fig. 4, filled circles) showed a tighter linear distribution at all sampling rates. This was particularly apparent for the 60-Hz sampling, showing that averaging latencies of multiple pupil light reflexes helped to improve resolution of latency, because the average latency of the eight individual light reflexes was not constrained to a time grid of 16.7 ms.
We used the correlation coefficient (R 2 ) as a measurementreliability tool for latency, assuming that in normal subjects, the relationship between right and left pupil latencies would correlate almost perfectly. Therefore, an optimal method of latency determination would be reflected in the highest correlation coefficient between the right and the left pupil latencies. Figure 5 shows the spectrum of increasing filtering weight applied to the velocity traces and its effect on the interpupil symmetry of latency measurements. With increasing power of circles and solid line) . Circles at data points with the same latency are superimposed. Four different data samples for the right versus left pupil latencies are shown: the video recording of data at 60-Hz (A), the 1000-Hz data derived from the photodiode (B), the interpolated data at 60 to 300 Hz (C), and the reduced 1000-to 58.8-Hz data (D). The correlation of latency between the right and left pupils was better when the eight reflexes for each stimulus intensity were averaged. Note that the measurement grid of the latencies for single pupil light reflexes varies in each panel, depending on the sample frequency.
FIGURE 5.
Influence of the Gaussian filter weight of the velocity traces on the right-to-left pupil symmetry of latency (represented by the correlation coefficient R 2 ). For each frequency, stronger filtering provided higher correlation, using all the single measurements (A) or the mean of eight repetitions (B). Each line represents the mean results of all seven subjects. Higher-power filtering is shown by higher numbers on the x-axis. The scale at the top of (A) shows the approximate corresponding interval of time over which the filter power was applied. For exact calculation of the Gaussian filter, see the Appendix. The arbitrarily selected position of the arrow indicates the area in which optimal filtering can be assumed.
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the Gaussian filter, the time interval over which the moving filter was applied also increased. Optimal filtering for all four frequencies studied occurred when the power of filter (P f ) used was approximately 25 ( Fig. 5, arrow ; for a detailed methodology see the Appendix).
We then compared the 60-, 1000-, 300-, and 58.8-Hz data obtained from the seven normal subjects (Table 1) . When all pupil light reflexes were assessed (not the mean of eight repetitions), the seven subjects' combined correlation coefficient was lowest in the 60-Hz and highest in the 1000-Hz measurement, resulting in a significant difference (P Ͻ 0.05). The R 2 of the 300-Hz data was higher than that of the 60-Hz data but the difference did not reach significance. When the mean of the eight repetitions of each eye was used for the linear regressions (Fig. 4, filled circles) , the correlation coefficients all increased and were high.
These results lead to the conclusion that an increase in the accuracy of the latency determination occurs with interpolation of the 60-Hz data to 300 Hz and averaging of repetitions. The 1000-to 58.8-Hz reduced photodiode data were comparable with the original 60-Hz measurement. The different principles of the two testing methods (video camera versus photodiode) did not influence the result. In addition, the lack of perfect symmetry between right and left pupil latency, even with averaging multiple reflexes (e.g., R 2 Ͻ 1.0 in all groups) might be better explained by small biological variations in the latency that may be present between the direct and consensual pupil reflex and not necessarily by measurement noise, because it was found by two independent methods of measurement: video and photodiode recording.
Obtaining the arithmetic mean of the latency determined from multiple pupillary light reflexes improved the R 2 and therefore the reliability and accuracy in interpupil symmetry (Fig. 4, Table 1 ). We determined the effect of the number of pupil light reflexes analyzed (and averaged) on the correlation coefficient R 2 between the right and left pupil latencies. As the number of light stimuli that were used for the determination of the mean latency became less than four, the correlation coefficient R 2 began to decrease (Fig. 6) , depending on the data collection group (60 or 58.8 Hz). The 1000-Hz data showed the best right-left pupil correlation of all numbers of light stimuli given (one to eight repetitions) compared with the other groups. From this analysis, it is concluded that at least four valid stimulus repetitions should be performed to overcome the rather coarse time resolution of 16.7 ms available from the 60-Hz data frequency.
For a better estimation of the variability of the latency, 60-Hz pupil recordings in 49 healthy subjects were analyzed (four repetitions per eye tested at seven different intensities over a 3-log-unit range). The result of interpupil symmetry of the 49 normal subjects in Table 1 confirmed the outcome that was obtained from the 7 normal subjects. There was a highly significant (P Ͻ 0.001) improvement in the right-to-left pupil correlation in the 300-Hz interpolated data compared with the Shown are the correlation coefficient R 2 between the original 60-Hz data and the alternative measurements derived from 7 normal subjects in one study and from 49 normal subjects in a second study.
FIGURE 6.
Effect of the number of light reflexes used (x-axis) to determine the average latency on the correlation coefficient (R 2 , yaxis) between the right-and left-pupil latencies. The correlation between the two pupils served as an indicator of the precision of the latency determination and increased when more latencies were averaged. If more than four repetitions were measured, the correlation remained stable in all frequency groups. The precision of measuring eight times at 60 Hz could be achieved by measuring 300 Hz for only four times (horizontal dashed line). The lines represent the medians of four normal subjects in whom more than 70 pupil responses of a possible 80 were obtained that were measurable. 60-Hz data. However, when the mean latency of eight measurements was calculated (eight each from the right and left pupils when four stimuli were given to each eye), the 60-Hz data on the right pupil versus left pupil latency correlation (R 2 ) was not statistically distinguishable from the 300-Hz data.
The results in the 49 normal subjects indicated that pupil latency can substantially differ from one person to one another. Figure 7 summarizes the traces from all 49 subjects obtained from right full-field stimulation within a range of light intensities of 3 log units. The median of all latencies measured at each intensity (Fig. 7, solid line) shortened from 322 ms at the lowest intensity to 248 ms at the brightest intensity (difference: 74 ms). At a given intensity, the range of the latency varied considerably among the 49 subjects. For example, the range of latency for 90% of the subjects was between 230 and 268 ms (intersubject range: 38 ms) at the highest intensity and was between 288 and 357 ms (intersubject range: 69 ms) at the lowest intensity. The amount of change in retinal illumination (retinal sensitivity) that would be required to explain such variation would be equivalent to 2 to 2.5 log units, based on the median curve, which related log stimulus intensity to latency.
From the data of the 49 normal subjects, right and left pupil traces were averaged together to investigate the latency difference between the right-and left-eye stimulations, for both the 60-and 300-Hz data and also for a third data set, in which only every second time point of the 60-Hz data was considered, resulting in a frequency reduction to 30 Hz. The variability in the intereye difference in latency due to the afferent input appeared greater at the lower stimulus intensities. This is further characterized in Figure 8A , which shows the absolute value of the intereye difference in latency (300 Hz data) with the 95th percentile to be 35 ms at the lowest intensity and 8.3 ms at the highest intensity. The values between intensities are located on an exponential function. Figures 8B and 8C show estimates of the same 95th-, 90th-, and 50th-percentile range for intereye latency in normal subjects, using the 60-Hz measurement and the 30-Hz reduction. The potential clinical usefulness of the latency in identifying asymmetric input to the right and left eyes is demonstrated by examples from three patients with unilateral optic neuritis added to the panels (represented by stars, circles, and triangles). The intereye latency difference clearly exceeded the 95th percentile of the normal population and was maximally differentiated from normal intereye asymmetry in the 300-Hz interpolated data at all intensities.
DISCUSSION
This study provided insight into analysis strategies that could be successfully applied to optimize the measurement of latency of the pupillary light reflex in normal subjects. First, the results showed that when more stimuli, hence, reflexes, were available to obtain the mean latency, the precision was greater (Fig. 6 ). For example, at a recording rate of 60 Hz, measurement variability became noticeably worse when the number of pupil light reflexes used to derive mean latency was reduced to less than four binocular pupil recordings. A higher sampling rate of 1000 Hz improved the resolution of latency, and the filtering reduced the high-frequency content of the pupil trace. A very high sampling rate may not be necessary to reproduce a low-frequency component of the pupil movement. A system with higher spatial resolution for the measurement of the pupil diameter could be even more effective than a very high sampling rate system with low single-measurement precision of pupil diameter. Interpolation of the 60-Hz video recording to 300 Hz enhanced the accuracy of latency determination, because the sampling interval was reduced and the computation of gradients was performed on discrete data points. This finding is in agreement with another study suggesting that data from a sampling frequency lower than 60 Hz can be improved. 24 It seems that the effect of using a higher sampling frequency can also be achieved by interpolating the 60-Hz curve or averaging the latencies derived from four alternating stimuli while recording both the right and left pupils.
An improved method for determining the time of contraction onset of the pupil light reflex is desirable for evaluating its utility in diagnosing disease, and this was one of the main goals of the current study. In earlier studies of pupil latency measurements, a certain amount (criterion) of contraction amplitude was proposed to determine the onset of the reflex (amplitude threshold crossing). 23 However, this approach depends on the movement range of the pupil and is limited by iris mechanics. The onset of contraction determined by this criterion could be delayed solely by a small pupil that has limited range of movement. Therefore, this criterion is dependent on the amount of pupil movement and is not directly related to the actual starting time of the pupil movement. Also, the use of velocity as a criterion for defining the onset of the pupil light reflex (velocity threshold crossing) 24, 29 is influenced by the amount of contraction amplitude, because contraction amplitude and velocity are closely correlated and dependent on pupil size and range of movement. A third approach has used the intersection of two straight-line fits 28, 34 (one during the baseline, or latent, period and one during the contraction phase of the pupil light reflex). This method can be influenced by the degree of pupil movement preceding the onset of contraction and the slope of the contraction's velocity, which may independently vary from the true latency.
We have used the absolute minimum of the derivative of the velocity trace, acceleration, in this study (Fig. 2) and pre-FIGURE 7. The effect of log stimulus intensity (administered to the right eye) on latency is shown for 49 normal eyes (solid thick line: median response for all subjects; dashed lines: individual subjects) over a 3-log-unit intensity range (from 30 dB attenuation [37 asb ] to 0 dB attenuation [37,000 asb] ). Lower stimulus intensities corresponded to a greater intersubject variability in latency (69 ms), and higher intensities corresponded to a lower intersubject variability in latency (38 ms). Theoretically, it would take almost a 2-log-unit change in stimulus intensity (or retinal sensitivity) to account for the range in latency observed between subjects, based on the median line shown.
viously, 33 because it does not rely on the use of arbitrary thresholds for determining the onset of contraction. Because the acceleration definition of the onset of contraction really represents where the change in pupil size (velocity) differs the most (absolute maximum acceleration), we believe it is a more appropriate definition of the onset of contraction and more reliably reflects the latency of the pupil light reflex.
Limitations on the bit resolution of pupil size in a given instrument (y-axis of the pupil trace) may also confound the correct determination of latency. Bit resolution relates to the smallest change in pupil size that can be resolved by a given instrument's hardware and, in this case, the sampling or representation of the pupil size measured. Filtering of digitally sampled data may provide a better approximation of the true biological movement of the iris, which is relatively slow because of the properties of smooth muscle. As shown in Figure  9 , the latency would be incorrectly predicted by using only the digital raw position data without filtering. The choice of an optimal filter is not trivial, either. In contrast to the Gaussian filter, the Savitzky-Golay filter 39 is capable of assigning a pupil diameter that is actually greater than or less than the raw bit-sampled data value. This filter works noniteratively and is a simple mathematical tool that consists of a moving polynomial filter. The size of the moving window (five time points in this study) and the order of the polynomial fit (second order) can be varied to optimally reflect the true biological movement. The use of the Savitzky-Golay filter is recommended for videosampled pupil data, because it does not apply an abrupt frequency cutoff and, although it effectively filters high-frequency noise, it also preserves the low-frequency component of the biological slow movement of the pupil.
The improved technique developed in this study for better determination of latency was further applied to a larger data set from 49 normal subjects to improve understanding of how latency varies in response to changing stimulus intensity and among individuals. Pupil latency became shorter as a function of light intensity in a predictable, nonlinear fashion, showing less change at higher intensities, as confirmed by others. 40 The latent period is composed of two separate mechanisms: an irreducible minimal latent period built into the motor system of the iris and a variable additional delay due mainly to the retinal discharges and their temporal summation that is processed in the midbrain (pretectal olivary nucleus)-the weaker the stimulus, the longer the latent period. The relationship between sensory stimulus and delay applies not only to the pupillary light reflex, but also to many other reflexes. 11 The relationship of latency as a function of log intensity is reproducible in a given eye and is similar for the input of the right and left eyes of a normal subject. However, there was considerable interindividual variability of pupil latency as a function of intensity in FIGURE 8. Effect of stimulus intensity on the normal intereye latency difference in afferent pupil input, described as percentiles of the 49 normal subjects. In the 300 Hz (A), the 95th percentile line ranged from 35 ms at the lowest intensity to 8.3 ms at the highest intensity. Similarly, the 90th and 50th percentiles exponentially decreased with increasing stimulus intensities. The 60-Hz (B) and 30-Hz data (C) revealed similar patterns between intensities, but not as clearly delineated as with the 300-Hz data. The potential for identifying patients with unequal afferent visual input is also shown for three patients (denoted by stars, circles, and triangles). Almost all the intereye latency differences were outside the 95th percentile for normal subjects.
FIGURE 9.
Errors in the determination of latency that can occur in raw unfiltered data due to the effect of bit-sampling constraints. The unfiltered raw tracing recorded is shown twice as the solid line connecting the small filled circles where the pupil size can change by only one arbitrary bit unit (for clarification purposes, data with 8-bit resolution are shown on the y-axis, although most systems for pupil measurement generate analog data that are sampled with 12-bit resolution). The top raw trace was filtered by a Savitzky-Golay filter, which is a mathematical, noniterative tool using a moving polynomial smoothing. This replicates the expected smooth muscle movement of the pupil and may assume a pupil size smaller or larger than the raw data. The bottom raw tracing was filtered by a Gaussian filter that cannot exceed the maximum of the raw tracing. Arrow: onset of contraction in the raw tracing. The better estimated onset of contraction in the filtered traces occurred two time-points (33.3 ms) earlier, as identified by the vertical line between the two arrowheads.
a given eye. This effectively reduces the sensitivity of latency for diagnosing abnormal input deficits in an individual eye of a patient, unless the input deficit is large enough to exceed the normal interindividual variation in pupil latency. The reason for the large range in latency measured among different individuals under the same stimulus conditions is not obvious. The source of the shift, or offset of latency, observed in different individuals could occur at the afferent processing of the light reflex (retina or optic nerve), at the interneuron or pretectal nucleus, or at the efferent pathway from the Edinger-Westphal nucleus, up to and including the iris sphincter muscle. The results from the normal subjects also showed that the asymmetry of latency between the input of the right and left eyes of an individual is relatively small, especially at moderate or higher stimulus intensities. We provided evidence that the normal range of intereye asymmetry in latency was 8.3 ms at the highest intensity and 35 ms at the lower intensities, and that asymmetry in patients with afferent disease may fall outside normal limits. To the best of our knowledge it has not been reported that intereye difference in latency is wider at lower stimulus intensities in normal subjects. This relatively slight variation of the intereye difference in latency is very likely to provide a useful clinical parameter that would supplement the measurement of the relative afferent pupil defect, as shown in Figure 8 . Future studies will focus on which intensity range of light stimulus is most sensitive for detecting the asymmetry of timing of pupil input outside the range of normal subjects that is due to diseases affecting the afferent visual system.
